Anthrax edema toxin (ET) is one of two binary toxins produced by Bacillus anthracis that contributes to the virulence of this pathogen. ET is an adenylate cyclase that generates high levels of cyclic AMP (cAMP), causing alterations in multiple host cell signaling pathways. We previously demonstrated that ET increases cell surface expression of the anthrax toxin receptors (ANTXR) in monocyte-derived cells and promotes dendritic cell (DC) migration toward the lymph node-homing chemokine MIP-3␤. In this work, we sought to determine if glycogen synthase kinase 3 (GSK-3) is important for ET-induced modulation of macrophage and DC function. We demonstrate that inhibition of GSK-3 dampens ET-induced maturation and migration processes of monocytederived dendritic cells (MDDCs). Additional studies reveal that the ET-induced expression of ANTXR in macrophages was decreased when GSK-3 activity was disrupted with chemical inhibitors or with small interfering RNA (siRNA) targeting GSK-3. Further examination of the ET induction of ANTXR revealed that a dominant negative form of CREB could block the ET induction of ANTXR, suggesting that CREB or a related family member was involved in the upregulation of ANTXR. Because CREB and GSK-3 activity appeared to be important for ET-induced ANTXR expression, the impact of GSK-3 on ET-induced CREB activity was examined in RAW 264.7 cells possessing a CRE-luciferase reporter. As with ANTXR expression, the ET induction of the CRE reporter was decreased by reducing GSK-3 activity. These studies not only provide insight into host pathways targeted by ET but also shed light on interactions between GSK-3 and CREB pathways in host immune cells.
Bacillus anthracis secretes three proteins that combine to form two distinct exotoxins, edema toxin (ET) and lethal toxin (LT). ET and LT share a receptor-binding subunit, protective antigen (PA), which targets one of two related host cell surface receptors, anthrax toxin receptor 1 (ANTXR1) and anthrax toxin receptor 2 (ANTXR2), and promotes translocation of the catalytic subunits lethal factor (LF) and edema factor (EF) into the host cytosol (49) . EF, the catalytic component of ET, is a calcium-and calmodulin-dependent adenylate cyclase that generates high levels of cyclic AMP (cAMP) in intoxicated cells (24, 25) .
ET has been proposed to modulate both innate and adaptive immune responses during the initial stages and progression of anthrax disease (32, 34, 41, 42) . In addition, ET induces cellular and histopathological changes that are consistent with circulatory shock associated with anthrax (6, 21, 46) . In contrast to earlier findings, it is now known that ET induces cell death in certain cell types and is lethal to mice (9, 10, 15, 44) . These effects of ET are linked to the ability of this toxin to increase intracellular cAMP levels in a manner that alters normal host cell signaling pathways and cellular function.
Cyclic AMP is a second messenger that contributes to the regulation of several intracellular signaling cascades via multiple downstream effectors, including protein kinase A (PKA). High levels of cAMP generated by ET activate PKA, leading to upregulation of the ANTXR genes in monocyte-derived cells and inhibition of phospholipase A2 (sPLA-IIA) in macrophages (5, 29, 38, 47) . PKA-induced transcriptional changes are mediated through modulation of various transcription factors, including the cAMP-responsive element binding (CREB) protein, which promotes formation of transcription complexes at CRE sequences present in cAMP-responsive genes (31) . Results from multiple studies indicate that ET can induce both CREB-dependent and -independent transcriptional changes (20, 35, 37, 38, 48) . CREB-mediated responses to ET lead to dysregulation of macrophage migration and survival (20, 35) , both of which are critical processes that contribute to the outcome of infection.
CREB transcriptional activity is modulated by multiple kinases, including PKA, mitogen-activated protein kinase (MAPK), ribosomal S6 kinase (RSK), AKT, and glycogen synthase kinase 3 (GSK-3) (4, 7, 13, 36) . GSK-3 is a key regulatory component of cellular processes, including cellular structure, growth, motility, and apoptosis (19) . Two isoforms of GSK-3 exist, GSK-3␣ and GSK-3␤; these are highly homologous in the kinase domain, although little is known about their distinct contributions to cell physiology (19) . We recently demonstrated that ET activates the nuclear pools of GSK-3␤ in a PKA-dependent manner (22) . Targeting of the nuclear pools of GSK-3␤ by ET bypasses the upstream cytoplasmic inactivation of this kinase, suggesting an additional mechanism by which ET may alter host cell function.
PKA phosphorylation of CREB creates a consensus site for phosphorylation by GSK-3␤ (8) , suggesting that the combined activation of these two kinases may be necessary for ET to completely modulate CREB activity. Yet, the functional consequence of the phosphorylation of CREB by GSK-3␤ is still not clear. Several studies suggest that GSK-3␤ promotes the activation of CREB (8, 16, 43) , while others indicate that phosphorylation of CREB by GSK-3␤ negatively regulates DNA binding activity (4, 14, 30, 33, 50) . Given that ET activates both PKA and GSK-3␤, it is possible that toxin-induced CREB transcriptional activity is influenced by the activities of these two kinases.
We previously demonstrated that ET promotes monocytederived dendritic cell (MDDC) maturation and migration in a cAMP-dependent manner (28) and induces ANTXR expression in monocyte-derived cells through cAMP and PKA (29) . Consistent with a role for CREB in these processes, ET-induced migration of macrophages requires CREB-dependent expression of syndecan-1 (20) , and consensus cAMP response elements are present upstream of the ANTXR genes (51) . Because ET activates GSK-3␤ and CREB in a PKA-dependent manner in macrophages (22) , we hypothesized that ET-induced ANTXR expression (29) and modulation of MDDC maturation and migration are GSK-3␤ and CREB dependent. Here we test this hypothesis and investigate the role of GSK-3 and CREB in ET-mediated responses in monocyte-derived cells.
MATERIALS AND METHODS
Reagents and toxins. Lipopolysaccharide (LPS) from Escherichia coli and polymyxin B were purchased from Sigma-Aldrich. Lithium chloride (LiCl) and BIO [(2ЈZ,3ЈE)-6-bromoindirubin-3Ј-oxime] were purchased from EMD Chemicals. PA expression plasmid PA-pET22b was kindly provided by John Collier (Harvard Medical School) and transformed into E. coli BL21(DE3) cells. A fresh colony was inoculated into a 20-ml starter culture of Luria-Bertani (LB) Lennox medium (EMD Biosciences, Inc.) with 100 g/ml ampicillin (EMD Chemicals) and grown overnight at 37°C. The following day, a 1:50 dilution was made into a 2-liter baffled Erlenmeyer flask of LB Lennox medium with 100 g/ml ampicillin. The culture was allowed to grow at 37°C with shaking at 250 rpm until an optical density of 1.0 was reached. The culture was then induced with a final concentration of 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) (Gold BioTechnology) and allowed to grow at 30°C with shaking at 250 rpm for 4 h. PA was isolated from the periplasm and purified over a macroprep HighQ (Bio-Rad) column. EF expression plasmid EF-pET15b was transformed into E. coli BL21(DE3) cells for protein expression. EF was produced and purified as described previously (44) using Ni ϩ affinity chromatography. Endotoxin was removed from PA and EF protein preparations using Detoxi-Gel endotoxin removing gel (Pierce). Purified proteins were assayed for endotoxin using a limulus amebocyte lysate kit (BioWhittaker) that has a detection minimum of 0.03 endotoxin units/ml.
Subcloning of ACREB. The CMV-500-ACREB vector (39) was kindly provided by C. Vinson (NIH). ACREB was PCR amplified using the forward primer CAAGCAGATCTATGGACTACAAGGACGACGATGACAAG (underlined is the BglII restriction site) and the reverse primer CTCTAGGAATTCGAAT TAATCTGACTTGTGGCAGTAAAG (underlined is the EcoRI restriction site). PCR, with a mixture containing 20 ng of template plasmid DNA and 200 nM each primer, was carried out as follows: 98°C for 3 min, followed by 30 cycles at 98°C for 15 s, 59°C for 30 s, and 72°C for 1 min, and ending with 1 cycle at 72°C for 5 min. The PCR product was then digested with EcoRI and BglII, gel purified, and subcloned into the retroviral vector pMIGR1 (kindly provided by Philip G. Ashton-Rickardt [26] Generation of ACREB-expressing RAW 264.7 cells. pMIGR1 and ACREB plasmids were each cotransfected into HEK-293 cells with murine leukemia virus (MLV) gag/pol and vesicular stomatitis virus G (VSV-G) expression plasmids pMD.gagpol and pMD.G, respectively (3). Forty-eight hours later, the resulting retroviral particles were harvested from the medium by filtration and used to transduce RAW 264.7 cells at a multiplicity of infection (MOI) greater than or equal to one. Virus was diluted 1:1 in medium with 8 g/ml Polybrene (Sigma) and added to 2.0 ϫ 10 5 cells per well of a 12-well plate. The plate containing the cell and virus mixture was then centrifuged for 2 h at 1,200 ϫ g at 25°C. Following centrifugation, cells were incubated for an additional 6 h at 37°C with 5% CO 2 . Virus was then removed, and fresh medium without virus or Polybrene was added to the cells. Forty-eight hours after infection, cells were used for the experiments described in the figure legends.
Knocking down GSK-3 with siRNA. RAW 264.7 cells were transfected with small interfering RNA (siRNA) using the transfection reagent HiPerFect (Qiagen) by following a modified version of the manufacturer's protocol for RAW 264.7 cells. Briefly, 6 ϫ 10 5 cells in 800 l of DMEM with 10% FBS were plated into a well of a 6-well plate. Immediately after the cells were plated, the transfection mixture containing siRNA and 24 l of HiPerFect was prepared in 800 l of Opti-MEM (Invitrogen). After a 10-min incubation, the transfection mixture was added to the cells to a final volume of 1.6 ml and an siRNA concentration of 50 nM. After a 6-h exposure, the medium containing the transfection mixture was removed and replaced with fresh DMEM containing 10% FBS. The siRNAs against GSK-3 (no. 6301) were purchased from Cell Signaling Technology. As a negative control, cells were transfected with a scrambled sequence not targeting any known gene (sc-37007; Santa Cruz).
Generation of RAW 264.7 cells expressing luciferase gene reporters. To create luciferase-based gene reporters, RAW 264.7 cells were transduced with lentivirus particles (SABioscience) containing a luciferase reporter gene with a minimal promoter plus CRE enhancer elements (CRE), a minimal promoter with NF-B enhancer elements (NF-B), a minimal promoter with no enhancer elements (Neg), or a promoter with cytomegalovirus (CMV) enhancer/promoter elements (CMV). To infect the RAW 264.7 cells, the lentiviral particles (MOI of ϳ10) plus 8 g/ml Polybrene were added to cells plated at 5.0 ϫ 10 4 cells per well in a 12-well plate and incubated for 24 h at 32°C. The virus was then removed, and 3.5 g/ml of puromycin was used for the selection of stable cells. The puromycinresistant cells were maintained in culture medium containing puromycin until a day before experiments were performed.
Generation of MDDCs. Monocytes were either kindly provided by B. Lee (UCLA) or isolated from peripheral blood obtained from healthy donors through the Virology Core of the UCLA AIDS Institute (institutional review board [IRB] approval no. 06-06-102). Monocytes were purified using RosetteSep monocyte enrichment cocktail (StemCell) according to manufacturer's protocol. Approximately 5.0 ϫ 10 6 cells were seeded onto a 100-mm dish and differentiated in RPMI 1640 medium (Invitrogen) containing 10% FBS and PSG plus 50 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 100 ng/ml interleukin 4 (IL-4) (PeproTech). Fresh medium and cytokines were added on day 4, and cultures were maintained for an additional 3 days to complete differentiation. At day 7, nonadherent cells were collected and combined with adherent cells released with calcium-and magnesium-free Dulbecco's phosphate-buffered saline (DPBS) (Cellgro) plus 1 mM EDTA. Approximately 4.0 ϫ 10 5 cells per well were seeded onto a 12-well plate and treated as indicated in the figure legends in the presence of 50 ng/ml GM-CSF and 100 ng/ml IL-4.
RNA isolation and quantitative analysis of mouse Antxr2 and Sdc1 gene transcript levels. RAW 264.7 cells were toxin treated and incubated as indicated in the figure legends. RNA was isolated using Trizol reagent (Invitrogen) and treated with RQ1 RNase-free DNase (Promega), following the manufacturer's protocol. Quantitative analysis of mouse Antxr2 transcript levels was performed as described previously (2) . To measure Sdc1 transcript levels, cDNA was synthesized from total RNA using SuperScript III (Invitrogen) according to the conditions suggested by the manufacturer. The resulting cDNA was combined with Power SYBR green PCR master mix (ABI) and primer pairs specific for mouse Sdc1 (GAAGATCAGGATGGCTCTGG and TGCCGTGACAAAGTA TCTGG) or mouse Actb (GACGGCCAGGTCATCACTATTG and CCACAG GATTCCATACCCAAGA (27) was used to determine relative changes in Sdc1 mRNA levels compared to Actb mRNA levels.
Analysis of cell surface phenotype and PA binding. Binding of Alexa Fluor 647-labeled PA(E733C) (AFPA) to ET-treated cells was determined using a previously described flow cytometry-based assay (2) . Briefly, cells were harvested after ET treatment by scraping, washed with PBS, and stained for 1 h on ice with 80 nM AFPA diluted in medium. Cells were then washed twice with PBS and fixed in 1% paraformaldehyde. Analysis of cell surface phenotype markers for MDDCs was performed using flow cytometry. Cells were harvested by scraping, washed with PBS, and then stained for 1 h on ice with 80 nM AFPA and the following directly conjugated antibodies diluted in medium as per manufacturer's suggestions: anti-DC-SIGN-fluorescein isothiocyanate (FITC) (R&D Systems), anti-CD14-phycoerythrin (PE) (Caltag), anti-CD83-allophycocyanin (APC) (Caltag), and anti-CD86-FITC (Caltag). Cells were then washed twice with PBS and fixed in 1% paraformaldehyde. Stained MDDCs were analyzed for the relative amount of bound PA and/or cell surface marker expression using a FACSCalibur (BD), and data were analyzed using Cell Quest (BD) and FlowJo (Tree Star, Inc.) software.
Chemotaxis assay. MDDCs were treated as indicated in the figure legends for 48 h. Following treatment, cells were collected from wells and counted. For the chemotaxis assay, RPMI 1640 medium containing 3% FBS and PSG plus 50 ng/ml GM-CSF, 100 ng/ml IL-4, and 200 ng/ml MIP-3␤ (PeproTech) was added to the bottom of a 24-well plate. MDDCs (2.5 ϫ 10 4 per well) for each treatment condition (in triplicate) were added to the top of an uncoated insert with a pore size of 5 m (Costar) in serum-free RPMI 1640 containing PSG plus 50 ng/ml GM-CSF and 100 ng/ml IL-4. Cells were allowed to migrate for 4 h at 37°C. Inserts were then removed, cells that had not migrated were aspirated off the top, and cells that had migrated and were adherent to the bottom of inserts were removed with trypsin (Invitrogen). Cells that migrated to the bottom well were collected and pooled with the trypsinized cells. Pooled migrated cells were stained with trypan blue (Invitrogen) and counted using a hemocytometer. Statistical analysis was performed as described in the figure legends using GraphPad PRISM 4 (GraphPad Software, Inc.) software.
Luciferase assay. RAW 264.7 cells transduced with CRE (RAW-CRE), NF-B (RAW-NF-B), Neg (RAW-Neg), or CMV (RAW-CMV) luciferase reporter were exposed to experimental conditions described in the figure legends. The luciferase expression levels in these reporter cell lines were quantified using a luciferase assay system (Promega) followed by measurement of luminescence signal with a Victor3 (Perkin Elmer) plate reader. Luciferase expression in the negative control (RAW-Neg) was used to normalize for changes to the minimal promoter that are not dependent on the CRE or NF-B element.
WCE and immunoblotting. Following treatment as indicated in the figure legends, cells were incubated on ice for 15 min in lysis buffer containing 1% SDS, 50 mM Tris, pH 7.4, 5 mM EDTA, protease inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitors (Active Motif), and 10 mM N-ethylmaleimide. Following incubation on ice, cells were passed through a 22-gauge needle 10 times, and protein determination was then performed on the resulting whole-cell extracts (WCE) using a Bio-Rad DC protein assay. SDS-PAGE and immunoblotting were performed using 10 g of WCE, and membranes were then probed with primary antibodies and subsequently incubated with the appropriate secondary antibodies conjugated to horseradish peroxidase. To detect the secondary antibody signal, the immunoblot was subjected to an enhanced chemiluminescent protein development system (GE Healthcare), and the bands were imaged by exposing the immunoblot to film. The film was scanned, and bands on the resulting digitized images were quantified by densitometry using ImageJ 1.37V software (Wayne Rasband, National Institutes of Health). To probe the phosphorylation state of CREB at Ser-129, a rabbit polyclonal antibody directed against both phosphorylated Ser-133 (p-Ser-133) and p-Ser-129 (Invitrogen) was preincubated with a blocking peptide directed against the p-Ser-133 site (Santa Cruz). This approach absorbed the antibodies recognizing only the p-Ser-133 site before use in the Western blot analysis. Primary antibodies against GSK-3␤, CREB, and p-Ser-133 CREB were purchased from Cell Signaling Technology. The primary antibody against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was purchased from Abcam.
RESULTS

GSK-3 is required for ET-induced maturation and migration of MDDCs.
Based on the finding that ET (28) and GSK-3 (40) both mediate DC maturation, we sought to determine if GSK-3 signaling plays a role in these ET-induced phenotypes.
To monitor the effects of GSK-3 on DC maturation, we exposed the DCs to a standard inhibitor of GSK-3, LiCl, and then measured cell surface expression of DC-SIGN, a marker of immature DCs, and two markers, CD83 and CD86, which increase their surface expression upon DC maturation. Interestingly, LiCl treatment alone decreased DC-SIGN surface expression in all donors tested, similar to the decrease observed upon either LPS or ET treatment (Fig. 1A) . In contrast, increases in surface expression of CD83 induced by LPS or ET, as well as increased expression of CD86 induced by LPS, were inhibited in the presence of LiCl (Fig. 1A) . Although results failed to reach statistical significance, we observed a trend toward inhibition of ET-induced CD86 expression upon treatment with LiCl (Fig. 1A) . Two out of five donors analyzed showed no LiCl effect on ET-mediated CD86 expression, likely contributing to the lack of significance.
We next sought to determine the effect of GSK-3 inhibition on ET-induced MDDC migration toward the lymph nodehoming chemokine MIP-3␤ (28) . Previous studies demonstrated that DC migration induced by E. coli is dampened in the presence of GSK-3 inhibitors (40) . Consistent with these findings, LiCl treatment inhibited both LPS-and ET-induced migration toward MIP-3␤ (Fig. 1B) . Given the role of ET in promoting both MDDC and macrophage migration (20, 28), we also measured the effect of GSK-3 inhibition in syndecan-1 (Sdc1) expression in RAW 264.7 cells. Sdc1 was recently implicated as playing a crucial role in ET-induced macrophage migration, and its expression is induced upon exposure to this toxin (20) . Inhibition of GSK-3 with LiCl or BIO, which are established GSK-3 inhibitors, reduced the ET-induced expression of Sdc1 mRNA (Fig. 1C) . Taken together, these data suggest that GSK-3 is involved in maturation and function of MDDCs and the migratory process of both MDDCs and macrophages.
GSK-3 inhibitors block ET-induced ANTXR expression.
To test whether GSK-3 activation is required for the increase in ANTXR expression induced by ET, RAW 264.7 cells were pretreated for 2 h with the GSK-3 inhibitor LiCl, followed by a 6-h treatment with ET. As previously shown (29) , ET treatment in the absence of LiCl led to an increase in Antxr2 mRNA expression levels and PA binding in RAW 264.7 cells ( Fig. 2A  and B) . Interestingly, pretreatment of cells with LiCl completely inhibited the increase in both Antxr2 mRNA expression and PA binding ( Fig. 2A and B) . Treatment with a second GSK-3 inhibitor, BIO, also dampened the ET-induced PA binding in RAW 264.7 cells (Fig. 2C) . To further test a role for GSK-3 in ET-induced Antxr2 expression, we employed siRNAs targeting GSK-3␣/␤. Transfection of GSK-3␣/␤-specific siRNAs led to an ϳ40% reduction in expression in GSK-3␤ (Fig. 2D) . This reduced GSK-3␣/␤ expression was sufficient to repress the ET-induced increase in PA binding by 30% (Fig.  2E) . Taken together, these results suggest that GSK-3 is involved in ANTXR expression in RAW 264.7 cells.
ET-induced ANTXR expression is inhibited by a dominant negative form of CREB. To address the role of CREB in ANTXR expression, we made use of a dominant negative CREB, ACREB. ACREB forms dimers with endogenous CREB or related family members, and these resulting heterodimers are then unable to bind DNA and activate transcription (1). Overexpression of ACREB reduced ET-mediated lu-ciferase expression in RAW 264.7 cells in which luciferase is driven by a CREB-responsive promoter (RAW-CRE cells) (Fig. 3A) . In contrast, expression of ACREB did not alter LPS-mediated NF-B activation, indicating that this dominant negative inhibitor is specific for the CREB pathway (Fig. 3A) . Expression of ACREB in RAW 264.7 cells blocked the increase in both Antxr2 mRNA level and PA binding induced by ET, compared with the result for ET-treated cells transduced with empty vector (Fig. 3B and C) . Therefore, the activation of CREB or a CREB family member is required for the ETinduced increase in ANTXR expression.
Interaction between GSK-3 and CREB. Because experiments utilizing ACREB suggest that CREB is involved in ANTXR expression, the ability of GSK-3 to impact CREB was examined. CREB activity is regulated via phosphorylation mediated by different kinases, including PKA and GSK-3 (8, 18, 31) . However, the functional consequence of the GSK-3-mediated CREB phosphorylation is still not clear (4, 8, 14) . Interestingly, GSK-3 inhibitors LiCl and BIO both reduced CREB-mediated expression of luciferase in ET-treated RAW-CRE cells (Fig. 4A) , consistent with these inhibitors blocking Antxr2 and Sdc1 expression ( Fig. 1C and 2 ). LiCl and BIO did not inhibit a luciferase reporter under the control of the CMV promoter (RAW-CMV), indicating that these inhibitors do not nonspecifically block transcription or luciferase activity (Fig.  4B) . Additionally, transfection of cells with siRNA targeting GSK-3␣/␤ significantly reduced levels of ET-dependent luciferase production in the RAW-CRE cells (Fig. 4C) , consistent with the level of repression of ET-induced PA binding observed in cells containing GSK-3␣/␤ siRNAs (Fig. 2) .
Next we examined the mechanism by which GSK-3 inhibition reduces CREB activity. Treatment with GSK-3 inhibitors did not reduce PKA-dependent phosphorylation of CREB at Ser-133 (Fig. 4D) (13) . Next, we observed that ET stimulated the phosphorylation of CREB at Ser-129 ( Fig. 4D and E) , which is a known GSK-3 target. The addition of GSK-3 inhibitors led to a decrease in ET-stimulated phosphorylation of CREB at Ser-129 ( Fig. 4D and E) that correlates with decreased expression of CRE-luciferase, Antxr2, and Sdc1 ( Fig. 1  and 2 ). Taken together, these data indicate that GSK-3 activity is needed to fully activate CREB.
DISCUSSION
In the present work, we characterize the signaling mechanisms activated by ET that alter monocyte function, including MDDC maturation and migration, and expression of Antxr2 in macrophages. We previously demonstrated that ET promotes maturation and migration of MDDCs and that this response is cAMP dependent (28) . Here we expand on this finding and demonstrate that inhibition of GSK-3 dampens both the ETand LPS-induced maturation and migration processes of MDDCs. Further, ET-induced expression of Sdc1, a gene required for macrophage migration (20) , is reduced by GSK-3 inhibitors. Finally, ET-induced expression of Antxr2 is decreased by expression of a dominant negative form of CREB, suggesting that CREB or a related protein is important for the ET-induced expression of Antxr2. Together, these findings suggest that GSK-3 and CREB are required for propagation of ET-mediated signaling, resulting in alteration of normal host cell functions.
Our finding that ET promotes Antxr2 expression in a GSK-3-and CREB-dependent manner led us to reason that GSK-3 might be responsible, in part, for CREB activation. Indeed, GSK-3␤ can phosphorylate CREB at serine 129 (8) . However, the current literature suggests two apparently contradictory consequences of this phosphorylation. Several groups have reported that GSK-3␤ phosphorylation of CREB (Ser-129) results in increased trans-activation by a GAL4-CREB fusion protein (8, 16, 43) . These data suggest that phosphorylated CREB (Ser-129) has an increased ability to interact with additional transcription factors and promote gene expression. Consistent with this, phosphorylation at Ser-129 alters CREB protein conformation and surface charge (4), potentially altering protein-protein interactions. Indeed, inhibition of GSK-3 was reported to either reduce (16) or increase (30) binding of CBP to CREB. In support of a model in which Ser-129 phosphorylation plays a positive role in CREB-dependent gene expression, a recent study revealed that phosphorylation of Ser-129 promoted transcription by helping to stabilize a CREB-containing protein complex consisting of coactivators and the homobox protein MEIS1 (45) . In contrast, other studies demonstrate that activation of GSK-3 and/or phosphorylation of CREB (Ser-129) reduces the affinity of CREB for DNA, which the authors interpret as decreased CREB activity (4, 14, 30, 33 ). To assay CREB activity directly, we and others RAW 264.7 cells were transfected with siRNA as described in Materials and Methods. (D) Forty-eight hours after transfection, WCE were generated, and WCE (10 g/sample) were analyzed by Western blotting using antibodies specific for GSK-3␤ or GAPDH. The bar graph represents densitometry analysis of GSK-3␤ levels with and without siRNA against GSK-3␣/␤. The values are the relative band intensities (%) for GSK-3␤ from 3 experiments Ϯ SD. (E) Twenty-four hours after transfection, the cells were exposed to 1 g/ml PA plus 1 g/ml EF (ET) for 20 h. Following treatment, cells were harvested, stained with 80 nM AFPA, and analyzed by flow cytometry. Data represent the relative MFI (%) of PA binding averaged from 6 independent experiments Ϯ SD. (D and E) Statistical significance was calculated using two-tailed Student's t test. ** , P Ͻ 0.01; *** , P Ͻ 0.001. on October 16, 2017 by guest http://iai.asm.org/ (16) demonstrate that inhibition of GSK-3 blocks the ability of cAMP to induce expression from a CRE-luciferase reporter construct. In addition, treatment with either LiCl or BIO inhibited ET-induced expression of two CREB-dependent genes, Sdc1 (Fig. 1C) and Antxr2 (Fig. 2) . Importantly, GSK-3 inhibitors reduced phosphorylation of CREB (Ser-129) but did not block the ET-induced PKA-mediated phosphorylation of CREB at Ser-133 (Fig. 4) . Therefore, activation of CREB by PKA may not be sufficient for target gene expression, and our data suggest an activating role for GSK-3-mediated phosphorylation of CREB at Ser-129. However, our results do not exclude the possibility that GSK-3 may enhance CREB activity by phosphorylating CREB coactivators or sites on CREB in addition to Ser-129. Although GSK-3 is commonly considered a constitutively active kinase, it is inactivated by phosphorylation at Ser-9 in the presence of serum (14) and is predominantly inactive in primary human macrophages (17) . Interestingly, LPS treatment of macrophages results in further inactivation of GSK-3 (30), while treatment with ET results in activation of the nuclear pool of GSK-3 (22) . Therefore, although MDDC activation and migration induced by LPS and ET appear similar in many respects (Fig. 1) , the signal transduction pathways induced by each are likely distinct.
In summary, we demonstrate that ET promotes ANTXR expression through activation of GSK-3 and CREB and that GSK-3 is involved in the maturation and migration of MDDCs induced by this toxin. The ability of ET and other cAMPinducing stimuli to promote MDDC maturation (11, 12, 23, 28) and our observation of GSK-3 involvement in the ET-mediated response suggest that other cAMP-inducing agents may also act through GSK-3. Altogether, these studies reveal mechanisms by which ET hijacks signaling pathways to alter host cell function and provide insight into functional interactions between GSK-3 and CREB. 
